Recently, α7 nicotinic acetylcholine receptors (nAChRs), primarily activated by binding of orthosteric agonists, represent a target for anti-inflammatory and analgesic drug development. These receptors may also be modulated by positive allosteric modulators (PAMs), ago-allosteric ligands (ago-PAMs), and α7-silent agonists. Activation of α7 nAChRs has been reported to increase the brain levels of endogenous ligands for nuclear peroxisome proliferator-activated receptors type-α (PPAR-α), palmitoylethanolamide (PEA) and oleoylethanolamide (OEA), in a Ca 2+ -dependent manner. Here, we investigated potential crosstalk between α7 nAChR and PPAR-α, using the formalin test, a mouse model of tonic pain. Using pharmacological and genetic approaches, we found that PNU282987, a full α7 agonist, attenuated formalin-induced nociceptive behavior in α7-dependent manner. Interestingly, the selective PPAR-α antagonist GW6471 blocked the antinociceptive effects of PNU282987, but did not alter the antinociceptive responses evoked by the α7 nAChR PAM PNU120596, ago-PAM GAT107, and silent agonist NS6740. Moreover, GW6471 administered systemically or spinally, but not via the intraplantar surface of the formalin-injected paw blocked PNU282987-induced antinociception. Conversely, exogenous administration of the naturally occurring PPAR-α agonist PEA potentiated the antinociceptive effects of PNU282987. In contrast, the cannabinoid CB 1 antagonist rimonabant and the CB 2 antagonist SR144528 failed to reverse the antinociceptive effects of PNU282987. These findings suggest that PPAR-α plays a key role in a putative antinociceptive α7 nicotinic signaling pathway.
Nicotinic acetylcholine receptors (nAChRs) play an active role in modulating pain transmission pathways (Khan et al., 2003) , in which their stimulation produces antinociception in pre-clinical and clinical pain models (Umana et al., 2013) . Functional nAChRs are pentameric structures that may be homomeric, containing only α subunits, or heteromeric, containing α and β subunits (Jensen et al., 2005) . Homomeric α7 nAChRs are abundantly expressed in the central and peripheral nervous systems, including neuronal and non-neuronal cells (Girod et al., 1999) . These receptors represent viable drug targets for cognitive and neurodegenerative disorders, and may have potential to treat inflammatory and pain disorders.
Activation of the α7 nAChR ion channel is primarily controlled by the binding of agonists at orthosteric sites, and may also be regulated by allosteric conformational stabilization (Horenstein et al., 2016) . Full and partial α7 nAChR agonists elicit significant anti-inflammatory and antinociceptive effects in several experimental models of tonic and chronic pain (Damaj et al., 2000; Feuerbach et al., 2009; Wang et al., 2005) . Moreover, previous studies demonstrated that α7 nAChR selective positive allosteric modulators (PAMs) were also active in rodent models of chronic and inflammatory pain (Freitas et al., 2013a (Freitas et al., , 2013b (Freitas et al., , 2013c Freitas et al., 2013b; Munro et al., 2012) . PAMs facilitate endogenous neurotransmission and enhance efficacy and potency of α7 nAChR agonists without directly stimulating the orthosteric binding site (Bertrand and Gopalakrishnan, 2007; Faghih et al., 2007) . PAMs lack intrinsic agonist activation, but ago-allosteric ligands (ago-PAMs) exhibit dual activity, via allosteric and orthosteric interactions (Gill et al., 2011; Horenstein et al., 2016; Papke et al., 2014a Papke et al., , 2014b , eliciting antinociceptive and anti-inflammatory effects in mice (Bagdas et al., 2016) . A new class of modulators, α7 nAChR silent agonists, are unique in that they bind the receptor but preferentially induce non-conducting states, which modulate inflammation and nociception in rodents (Papke et al., 2015) via an unknown signaling mechanism.
Several mechanisms may mediate the anti-inflammatory properties of α7 nAChR agonists. In the central nervous system (CNS), α7 nAChRs exhibit rapid activation and desensitization, as well as high calcium permeability, leading to activation of calcium-dependent intracellular phosphatases and kinases (Feuerbach et al., 2009; Williams et al., 2011) . While the intracellular pathways following α7 nAChR activation in non-neuronal cells may involve calcium influx through the channel, signaling pathways independent of ion flux were also reported (Papke et al., 2014a (Papke et al., , 2014b . Recently, α7 nAChRs pharmacological activation have been found to increase the brain levels of palmitoylethanolamide (PEA) and oleoylethanolamide (OEA), endogenous agonists for nuclear peroxisome proliferator-activated receptor type-α (PPAR-α), in a Ca 2+ -dependent manner (Melis et al., 2013) . These findings suggest a pharmacological crosstalk between PPAR-α and α7 nAChRs in the CNS.
Based on the research outlined above, we hypothesized that PPAR-α activation might represent a novel pathway that mediates analgesic effects of α7 nAChR. To test this hypothesis, we manipulated both receptors in mice using pharmacological and genetic approaches, and then evaluated the mice in the formalin test, a tonic model of pain.
Material and methods

Animals
Male ICR mice (8-10 weeks of age) were obtained from ENVIGO (Indianapolis, IN). Mice null for the α7 (The Jackson Laboratory, Bar Harbor ME) or β2 subunits (Pasteur Institute, Paris, France) on a C57BL/6J background were bred with wild-type (WT) littermates in an Association for Assessment and Accreditation of Laboratory Animal Care approved animal care facility at Virginia Commonwealth University. For all experiments, mice were backcrossed for ≥8 generations. Knockout (KO) and WT mice were obtained by crossing heterozygote mice. Mice were housed in groups of four at 21°C in a humidity-controlled environment. Animals had ad libitum access to food and water. The rooms were on a 12-h light/dark cycle (lights on at 7:00 AM) with all experiments performed during the light cycle. Unless otherwise noted, animals were promptly euthanized after experiments so as to minimize suffering. The study was approved by the Institutional Animal Care and Use Committee of Virginia Commonwealth University. All studies were carried out in accordance with the National Institutes of Health's Guide for the Care and Use of Laboratory Animals.
Drugs
PNU282987
[
(CB 2 antagonist) and rimonabant (CB 1 antagonist) were obtained from the National Institute on Drug Abuse (NIDA) supply program (Rockville, MD) .
, and N-palmitoylethanolamine (PEA) were purchased from Tocris Biosciences (Minneapolis, MN). Methyllycaconitine citrate (MLA) (selective α7 antagonist) was purchased from RBI (Natick, MA). GAT107 ((3aR,4S,9bS)-4-(4-bromophenyl)-3a,4,5,9b-tetrahydro-3H-cyclopenta[c]quinoline-8-sulfonamide) (α7 ago-PAM) was synthesized as described previously Thakur et al., 2013) . NS6740 ((1,4-diazabicyclo[3.2.2]nonan-4-yl(5-(3-(trifluoromethyl) phenyl) furan-2-yl) methanone) (α7 silent agonist) was prepared as previously described (Papke et al., 2015) .
GW6471, PNU120596, GAT107, PEA, rimonabant, and SR144528 were dissolved in a mixture of 1:1:18 [1 volume ethanol/1 volume Emulphor-620 (Rhone-Poulenc, Inc., Princeton, NJ)/18 volumes distilled water] and administered intraperitoneally (i.p.) for systemic injections. In addition to i.p. route, GW6471 was also administered intraplantar (i.pl.) and intrathecal (i.t.). PNU282987, PHA54613, NS6740 were dissolved in physiological saline (0.9% sodium chloride) and injected subcutaneously (s.c.), with the exception of NS6740, which was administered i.p. All drugs were injected at a total volume of 1 mL/100 g body weight, unless noted otherwise. All doses are expressed as the free base of the drug.
Formalin test
The formalin test was carried out in an open, empty Plexiglas cage (29 × 19 × 13 cm). Mice were allowed to acclimate for 15 min in the test cage prior to injection. Each animal was injected with 20 μL of (2.5%) formalin to the right hind paw (i.pl.). Mice were observed from 0 to 5 min (phase I) and 20 to 45 min (phase II) post-formalin injection. The amount of time spent attending to (i.e., licking) the injected paw was recorded with a digital stopwatch. Unless otherwise noted, all experiments were performed on ICR mice. PNU282987 (0.1, 1, 10 and 20 mg/kg, s.c.) or vehicle was administered 15 min prior to formalin injection. In a separate cohort, PNU282987 (10 mg/kg, s.c.) effects in the formalin test were measured in α7 and β2 WT and KO mice. In order to test the involvement of PPAR-α and its site of action in PNU282987-evoked antinociception, i.p., i.t., and i.pl. injections of varying doses of the PPAR-α antagonist GW6471 or vehicle, were injected before PNU282987 (10 mg/kg, s.c.) or vehicle. For systemic experiments, GW6471 (0.2 and 2 mg/kg, i.p.) or vehicle was administered 30 min prior to PNU282987. For CNS experiments, GW6471 (0.2 or 1 μg/5 μL/mouse, i.t.) or its vehicle were administered 5 min before PNU282987 or its vehicle. The i.t. injections were performed free-hand between the fifth and sixth lumbar vertebra in unanesthetized mice according to the method of Hylden and Wilcox (1980) . For local experiments, GW6471 (1 μg/20 μL/mouse) or vehicle was administered i.pl. 5 min before PNU282987 or its vehicle. Formalin test was performed 15 min after PNU282987 injection.
To test the effects of GW6471 on various α7 nAChR modulators in the formalin test, we assessed several compounds which preferentially induce different α7 nAChR conformational states (Bagdas et al., 2016; Freitas et al., 2013a; Papke et al., 2015) . For these experiments, the α7 nAChR full agonist PHA-543613, silent agonist NS6740, PAM PNU120596, and ago-PAM GAT107 were used. PHA-543613 (6 mg/kg, s.c.), NS6740 (9 mg/kg, i.p.), PNU120596 (10 mg/kg, i.p.), and GAT107 (10 mg/kg, i.p.) or their vehicles were administered 15 min after GW6471 (2 mg/kg, i.p.) or its vehicle. The formalin test began 15 min later.
Additionally, we assessed the pharmacological interaction between the PPAR-α agonist PEA and PNU282987 in the formalin test. We determined the antinociceptive effects of PEA pretreatment (0, 1, 3, 10 and 30 mg/kg, i.p.). Following the determination of PEA dose-response curve, the inactive doses of PEA (1 mg/kg and 3 mg/kg) and PNU282987 (0.1 mg/kg, s.c.) were co-administered to evaluate the possible interaction. For these experiments, PEA was injected 45 min before PNU282987 and the formalin test was conducted 15 min later.
Finally, we investigated the possible role of cannabinoid (CB) receptors in the antinociceptive effect of PNU282987 in the formalin test. To perform this part of the study, physiologically active doses of the CB 1 antagonist rimonabant (3 mg/kg) or CB 2 antagonist SR144528 (3 mg/kg) or vehicle were injected i.p. 10 min before PNU282987 (10 mg/kg, s.c.) or vehicle. Animals were administered formalin 15 min later.
Statistical analysis
The data obtained were analyzed using GraphPad Prism software, version 6.0 (GraphPad Software, Inc., La Jolla, CA) and expressed as the mean ± S.E.M. Statistical analysis was conducted using one-way or two-way analysis of variance (ANOVA), followed by Tukey's post hoc comparison. Student's unpaired t-test was used to analyze differences between treatment groups if further analysis needed. P values b 0.05 were considered significant.
Results
PNU282987 attenuates formalin-induced pain responses
In the first experiment, we investigated the antinociceptive effects of a s. 3.2. The PNU282987 effects are α7-but not β2-mediated To evaluate the in vivo receptor selectivity of PNU282987 between α7 and β2 nicotinic subunits, we tested the antinociceptive effects of the drug in α7 and β2 KO mice. Two-way ANOVA revealed there was a significant effect of PNU282987 administration. Consistent with ICR results, PNU282987 (10 mg/kg, s.c.) significantly reduced phase I [F treatment (1,24) = 11.84, P = 0.0021, Fig. 2A and phase II [F treatment (1, 24) = 52.25, P b 0.0001, Fig. 2B ] nociceptive responses in α7 WT mice. However, a significant effect of genotype was observed. The antinociceptive effects of PNU282987 in α7 KO mice was abolished in phase I [F genotype (1,24) = 5.116, P = 0.0330, Fig. 2B ], and phase II [F genotype (1,24) = 40.17, P = 0.0330, Fig. 2B ] of the formalin test. In contrast, PNU282987 (10 mg/kg, s.c.) maintained its antinociceptive effects in phase I [F treatment (1, 24) = 34.97, P b 0.0001, Fig. 2C ] and phase II [F treatment (1, 24) = 209.2, P b 0.0001, Fig. 2D ] of the formalin test. There was no effect of difference in antinociception in the β2 WT and β2 KO mice in phase I [F genotype (1,24) = 0.4265, P = 0.5199, Fig. 2C ] or phase II [F genotype (1,24) = 1.4, P = 0.2483, Fig. 2D ]. To confirm the data obtained in α7 null mice, we administered MLA (10 mg/kg, s.c.), a selective α7 nicotinic antagonist in naïve mice, 15 min prior PNU282987 (10 mg/kg, s.c.) or vehicle injection. MLA was able to block the PNU282987 antinociceptive effects in formalin-injected mice in both phase I and II (Supplemental, Fig. 1 ).
PPAR-α mediates the antinociceptive effects of PNU282987
To test whether PPAR-α plays a role in the antinociceptive effects of subcutaneously administered PNU282987 in the formalin test, we used the selective PPAR-α antagonist GW6471. Fig. 3A and B show that systemically administered GW6471 completely blocked the antinociceptive effects of PNU282987 (One-way ANOVA for phase I [F treatments (4, 25) = 11.32, P b 0.001, Fig. 3A ] and phase II [F treatments (4, 25) = 10.53, P b 0.001, Fig. 3B]) , as well as PHA-543613 (Supplemental, Fig. 2 ), but did not attenuate formalin-induced pain responses when paired with vehicle control of PNU282987 (P N 0.05). We next tested gave mice i.t. injections of GW6471 in order to assess whether spinal PPAR-α receptors mediate the antinociceptive effects of systemically administered PNU282987. GW6471 (1 μg) blocked the antinociceptive effects of PNU282987 (10 mg/kg, s.c.) without altering formalin-induced nociceptive responses when given alone (at phase I [F treatments (4,25) = 8.379, P b 0.001, Fig. 3C ] or phase II [F treatments (4,25) = 4.934, P b 0.01, Fig. 3D]) . In contrast to i.p. and i.t. routes of administration, i.pl. GW6471 (1 μg/20 μl/mouse) failed to reverse the antinociceptive effects of PNU282987 (10 mg/kg, s.c.; Fig. 3E ) in phase I [F (3, 20) = 5.564, P b 0.01, Fig. 3E ] or phase II [F (3, 20) = 17.96, P b 0.001, Fig. 3F ] of the formalin test (P N 0.05). These results suggest that PPAR-α receptors in the spinal cord and possibly elsewhere, but not in the formalin-injected paw, mediate PNU282987-induced antinociception. Fig. 3 . The systemic and spinal, but not intraplantar, injection of PPAR-α antagonist blocks the antinociceptive effects of PNU282987 in the formalin test. GW6471 (2 mg/kg, i.p.) blocks the antinociceptive effects of PNU282987 (10 mg/kg, s.c.) when administrated systemically in both (A) phase I and (B) phase II. Intrathecal injection of GW6471 (1 μg/5 μl) was able to block the antinociceptive effects of PNU282987 (10 mg/kg, s.c.) in both (C) phase I and (D) phase II. Intraplantar injection of GW6471 (1 μg/20 μl) failed to block the effects of PNU282987 (10 mg/kg, s.c.) in (E) phase I and (F) phase II, respectively. Data reflect the mean ± S.E.M. of 6 animals for each group. * P b 0.05, significantly different from its vehicle group; # P b 0.05, significantly different from its corresponding control group (PNU282987 treated group).
PPAR-α receptor involvement in the antinociceptive effects of other types of α7 nAChR modulators
The next series of experiments investigated the involvement of PPAR-α receptors in the antinociceptive effects of other types of α7 receptor ligands, including the α7 nAChR silent agonist NS6740, the α7 nAChR PAM PNU120596, and α7 nAChR ago-PAM GAT107 (Bagdas et al., 2016; Freitas et al., 2013a; Papke et al., 2015) in the formalin test (Fig. 4) . Two-way ANOVA revealed significant effects of treatments at phase I [F treatments (3, 40) = 14.04, P b 0.0001, Fig. 4A ] and at phase II [F treatments (3, 40) = 12.58, P b 0.0001, Fig. 4B ] in the formalin test.
We tested the PPAR-α antagonist GW6471 (2 mg/kg, i.p.) in the presence of the α7 nAChR silent agonist NS6740 (9 mg/kg, i.p.) (Papke et al., 2015) in the formalin test (Fig. 4) . Consistent with our previous study (Papke et al., 2015) , NS6740 was able to attenuate the formalin-induced nociceptive behavior in both phases of the formalin test (Tukey post hoc, P b 0.05). However, GW6471 (2 mg/kg, i.p.) pretreatment could not inhibit the effects of NS6740 in either phase of the test (P N 0.05). We also investigated whether the antinociceptive effects of the α7 nAChR PAM PNU120596 (Freitas et al., 2013b) would be blocked by GW6471. As shown in Fig. 4 , PNU120596 (10 mg/kg, i.p.) produced significant antinociceptive effects in phase I and phase II (Tukey post hoc, P b 0.05). However, GW6471 (2 mg/kg, i.p.) failed to attenuate the effects of PNU120596 in either phase (P N 0.05). Additionally, the α7 nAChR ago-PAM GAT107 (10 mg/kg i.p.) reduced formalininduced nociceptive behavior in phase II (Tukey post hoc, P b 0.05) (Fig. 4B ), but not phase I (P N 0.05) (Fig. 4A) , which is consistent with our previous study (Bagdas et al., 2016) . GW6471 (2 mg/kg, i.p.) failed to block the effects of GAT107 in Phase II (P N 0.05) (Fig. 4B) .
Potentiation of the antinociceptive effects of the PNU282987 by PEA
Given that a PPAR-α antagonist blocked the antinociceptive effects PNU282987-induced antinociception in the formalin test, we next examined whether combination of PNU282987 and the PPAR-α PEA would produce enhanced antinociceptive effects. One-way ANOVA analysis revealed significant effects for phase I [F PEA treatment (4, 30) = 9.690, P b 0.001, Fig. 5A ] and phase II [F PEA treatment (4, 30) = 13.34, P b 0.001, Fig. 5B ]. PEA significantly reduced paw licking behavior in a dose-dependent manner. Particularly, higher doses (10 and 30 mg/kg, i.p.) significantly inhibited licking (P b 0.05) in phase II, whereas lower doses (1 and 3 mg/kg, i.p.) did not (P N 0.05) (Fig. 5A, B) . Based on these results, we chose subthreshold doses of PEA (1 and 3 mg/kg) in combination with an ineffective dose of PNU282987 (0.1 mg/kg, s.c.). As shown in Fig. 5C and D, treatment with a low dose of PEA (1 and 3 mg/kg, i.p.) or PNU282987 (0.1 mg/kg, s.c) failed to attenuate formalin-induced pain responses in both phases when given alone (P N 0.05). However, two-way ANOVA showed that PEA significantly reversed pain behavior in the presence of PNU282987 in phase I [F treatment (2,36) = 17.37, P b 0.0001, Fig. 5C ] and phase II [F treatment (2,36) = 23.84, P b 0.001, Fig. 5D ]. Tukey's post hoc analysis showed that combination evoked significant antinociceptive effects at doses of 3 mg/kg of PEA in phase I (P b 0.05) and at doses of 1 and 3 mg/kg of PEA in phase II (P b 0.05).
CB receptors do not mediate the effects of PNU282987
In order to test whether the structurally-related endogenous cannabinoids anandamide (AEA) and 2-arachidonoylglycerol (2-AG) contribute to the antinociceptive effects of PNU282987, we investigated the possible involvement of CB 1 receptors using the CB 1 antagonist rimonabant (3 mg/kg) or CB 2 antagonist SR144528 (3 mg/kg) (Kinsey et al., 2009 ) injected i.p. 10 min before the PNU282987 (10 mg/kg, s.c.). Two-way ANOVA revealed significant effects for treatment of PNU282987 at phase I [F PNU282987 treatment (1, 34) = 25.32, P b 0.0001, Fig. 6A ] and at phase II [F PNU282987 treatment (1, 34) = 55.23, P b 0.0001, Fig. 6B ] of the formalin test. As shown in Fig. 6 , CB 1 receptor antagonist rimonabant and CB 2 receptor antagonist SR144S28 [at phase I, F antagonist treatments (2, 34) = 1.658, P = 0.2055, Fig. 6A and at phase II [F antagonist treatments (2, 34) = 0.6588, P = 0.5239, Fig. 6B ] did not have antinociceptive effects by themselves at phase I and II of formalin test (P N 0.05) and did not significantly alter antinociceptive behavior induced by PNU282987 (P N 0.05). Although there was a trend toward reversal of PNU282987's effect in phase I of the formalin test by CB 1 and CB 2 antagonists, there was no statistically significant differences between group means as determined by Tukey's post hoc. Furthermore, we went a step further and tested group means by using t-test. The comparisons between rimonabant-vehicle vs rimonabant-PNU282987, and SR144528-vehicle vs SR144528-PNU282987 were significant in simple t-test analysis (t = 2.675, df = 12, P b 0.05 and t = 2.157, df = 11, P = 0.05; respectively) indicating the persistence of antinociceptive effects of PNU282987 in the presence of CB antagonists. In addition, the t-test analysis confirmed that rimonabant and SR144528 had no effect on PNU282987-induced antinociception (t = 1.964, df = 13, P N 0.05 and t = 1.478, df = 11, P N 0.05; respectively).
Discussion
α7-nAChRs represent viable therapeutic targets for cognitive and neuro-degenerative disorders as well as potential anti-inflammatory and analgesic candidates (Damaj et al., 2000; Feuerbach et al., 2009; Wang et al., 2005) . Additionally, it has been demonstrated that the selective activation of α7 nAChR subtype may be involved in a rat model of oxaliplatin-induced neuropathy (Di Cesare Mannelli et al., 2014) , and induce neuroprotection associated with an increase in astrocyte density (Di Cesare Mannelli et al., 2015) . As we mentioned in the introduction, several possible mechanisms were proposed to mediate Fig. 4 . PPAR-α is differentially involved in the ligand-induced α7 nAChR-mediated antinociception in the formalin test. The α7 nAChR silent agonist NS6740 (9 mg/kg, i.p.), α7 nAChR positive allosteric modulator (PAM) PNU120596 (10 mg/kg, i.p.), and dual functional α7 nAChR allosteric agonist and PAM (ago-PAM) GAT107 (10 mg/kg, i.p.) evoked antinociceptive effects in formalin-injected mice in (A) phase I and (B) phase II, respectively. The PPAR-α antagonist GW6471 (2 mg/kg, i.p.) was not able to block their antinociceptive effects in both (A) phase I and (B) phase II. Data reflect the mean ± S.E.M. of 6 animals for each group. * P b 0.05, significantly different from its vehicle group.
these disparate pharmacological and behavioral responses (Bagdas et al., 2016; Damaj et al., 2000; Egea et al., 2015; Feuerbach et al., 2009; Liu et al., 2012; Wang et al., 2005) . The present study identified in vivo crosstalk between α7 nAChR and PPAR-α, suggesting a novel signaling pathway in reducing nociception in the mouse formalin model of tonic pain.
Consistent with the anti-inflammatory and antinociceptive effects of α7 nAChR full and partial agonists reported in several rodent models of tonic and chronic pain (Bagdas et al., 2011; Damaj et al., 2000; Feuerbach et al., 2009; Wang et al., 2005) , we show that PNU282987, an α7-nAChRs orthosteric agonist, dose-dependently attenuated painrelated behaviors in both phases of the formalin test in male mice. The antinociceptive effects of PNU282987 were selectively mediated by α7 nAChRs since PNU282987's effects were abolished in α7 KO mice, and spared in β2 KO mice.
Although there has been mounting evidence that α7 nAChRs have a large intracellular (Paulo et al., 2009) interactome that may function both as metabotropic as well as ionotropic receptors (de Jonge and Ulloa, 2007; Kabbani et al., 2013; King and Kabbani, 2016) , specific signaling intermediaries remain to be identified. The conformational changes induced by the binding of orthosteric ligands may modulate the Jak/Stat cascade, which is implicated in the regulation of inflammation (de Jonge et al., 2005) . The main objective of the present study was to elucidate the pharmacological interaction between α7 nAChRs and PPAR-α signaling in the formalin test. Our findings demonstrate that the PPAR-α antagonist GW6471 blocked the antinociceptive effects of PNU282987. Moreover, in order to identify the locus of action of this α7 nAChRs/PPAR-α interaction, we tested multiple routes of administration, including i.p., i.t., and i.pl. Our results show that GW6471 blocked the effects of PNU282987 when given i.t., but not i.pl., which supports a spinal site of action. This pharmacological interaction between α7 nAChRs and PPAR-α signaling in reducing formalin-induced nociception are consistent with the previous findings of Melis et al. (2013) , who showed an interaction between PPAR-α and α7 nAChRs in the ventral tegmental area (Melis et al., 2013) . Conventional orthosteric α7 nAChR agonists control conformational changes of this ion channel binding sites. However, ligands binding allosteric modulatory sites or conformations also regulate α7 nAChR. Accordingly, it has been reported that not only orthosteric agonists, but also other α7 ligands elicit antinociceptive effects in preclinical models of pain. In particular, α7-selective positive allosteric modulators (PAMs) showed activity in rodent models of chronic and inflammatory pain Freitas et al., 2013a Freitas et al., , 2013b Freitas et al., , 2013c Freitas et al., 2013b; Munro et al., 2012) . α7 ago-PAMs elicit antinociceptive and anti-inflammatory effects in mice (Bagdas et al., 2016) , as well. Furthermore, a new class of α7 ligands, α7-silent agonists, acting through non-conducting conformations of the α7 nAChR channel, also elicit anti-inflammatory and antinociceptive properties in mice (Papke et al., 2015) . Given this plethora of evidence, we investigated the interaction between α7 nAChR and PPAR-α using a variety of classes of α7 nAChR modulators. In particular, we evaluated antagonism of PPAR-α by GW6471 would block the antinociceptive effects elicited by the α7 PAM PNU120596, ago-PAM GAT107, silent agonist NS6740, and full agonists PHA-543613 and PNU282987 in the formalin test. Interestingly, among the different classes of α7 ligands tested, GW6471 only inhibited the antinociceptive effects evoked by the orthosteric agonists PHA-543613 and PNU282987. These findings suggest that α7 nAChR/PPAR-α signaling in this system may be limited to the conformational state induced by orthosteric agonists. One possibility is that the coupling of α7 nAChR to PPAR-α requires α7 channel activation per se, as previously suggested for agents active in assays of cognition (Briggs et al., 2009 ). Also, it should be noted that PAMs and silent agonists can induce distinct conformational states in both the conducting and non-conducting forms of the receptor, as determined by their sensitivity to select antagonists. This suggests that coupling of α7 to PPAR-α signaling may be selective for a specific conformational state of the α7 nAChR.
To examine further a possible in vivo crosstalk between α7 nAChR and PPAR-α, we tested whether subthreshold doses of PEA, an endogenous PPAR-α agonist, and PNU282987 would produce enhanced antinociceptive effects in the formalin test. Strikingly, combined administration of inactive doses of PNU282987 and PEA significantly reduced the formalin-induced pain compared with single administration of these drugs, further supporting pharmacological crosstalk between the antinociceptive effects of α7 nAChR and PPAR-α agonists.
As PEA has been demonstrated to potentiate the effects of anandamide on CB 1 and CB 2 receptors by competing for their common hydrolytic enzyme fatty acid amide hydrolase, a phenomenon known as "the entourage effect" (Jonsson et al., 2001) . Given this possible involvement of cannabinoid receptor signaling, we investigated whether CB 1 or CB 2 antagonists would reverse PNU282987's antinociceptive effects in formalin-injected mice. However, the fact that neither CB 1 nor CB 2 receptor antagonist blocked these antinociceptive effects further supports the idea of a direct α7 nAChR/PPAR-α interaction in this model of tonic pain.
In conclusion, the results in the present study support the main hypothesis that the selective orthosteric nAChR full agonist (i.e. PNU282987) may lead to increases of endogenous neuronal PPAR-α tone mediating the observed antinociceptive effects. This in vivo crosstalk between α7 nAChR and PPAR-α represents a novel signaling pathway mediating antinociceptive effects in the mouse formalin model of tonic pain.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.expneurol.2017.06.014.
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